In previous genome-wide QTL studies, Pbwg12 on mouse chromosome 12 was discovered in a gene pool of wild Mus musculus castaneus mice. Pbwg12 does not have a main effect but has an epistatic interaction effect on body weight after birth. In this study, we developed a congenic strain, named B6.Cg-Pbwg12, with an approximately 59-Mb wildderived genomic region harboring Pbwg12, by recurrent backcrossing to C57BL/6J. A phenotypic comparison between B6.Cg-Pbwg12 and C57BL/6J revealed that Pbwg12 does not have any main effects on body weight at 1-10 weeks of age but has a main effect on body weight gain at 6-10 weeks. A new QTL with a male-specific effect on kidney weight was discovered within the introgressed region.
Most heritable traits, including those of agricultural and medical importance, display quantitative variation. This variation is controlled by multiple genetic loci, referred to as QTLs, and is also influenced by QTL-QTL and QTL-environment interactions. To date, many QTLs have been localized in chromosomal regions of animals, and from laboratory rodents, a small number of genes underlying QTLs with relatively large effects have been cloned since the late 20th century [3] . However, positional identification of genes responsible for small QTL effects remains a challenge in current modern biology, and further identification of quantitative trait nucleotides (QTNs) causing phenotypic variation is a formidable task [3, 4] . Consequently, the molecular genetic basis for variation in quantitative traits has not been fully elucidated in animals.
Body weight in mice has long been used as an archetypal model quantitative trait since the 1940s [2] . In previous genome-wide QTL studies by our groups, 24 QTLs for body weight and growth at 3-10 weeks after birth were mapped on 13 mouse chromosomes in an intersubspecific backcross population between wild Mus musculus castaneus mice captured in the Philippines and C57BL/6J, a common inbred strain [5, 7, 8] . Among the 24 QTLs mapped, the Pbwg12 QTL located on chromosome 12 does not have a main effect on body weight but interacts epistatically with Pbwg1 on chromosome 2, a potent main-effect QTL [5] . This interaction effect increases linearly with advance of age and accounts for up to 9% of the total phenotypic variance.
In this study, we developed a congenic strain, named B6.Cg-Pbwg12, with the wild-derived genomic region -Note-harboring Pbwg12 on a genetic background of C57BL/6J. Furthermore, we phenotypically characterized the congenic strain developed in comparison with C57BL/6J to confirm whether Pbwg12 has a main effect on body weight or not, and to fine-map new QTLs for growth and body composition traits, such as internal organ weight, in the introgressed congenic region. Body composition traits were not investigated in our previous genome-wide QTL studies [5, 7, 8] .
All mice were fed ad libitum with a breeding diet (CA-1, CLEA Japan, Tokyo) and tap water. Pups were weaned at 3 weeks of age and each sex was housed separately in a group of 1-4 per plastic cage. Mice were reared in an environment with a temperature of 23 ± 3°C, 55% relative humidity and a light/dark cycle of 12:12. This study was carried out according to the guidelines for the care and use of laboratory animals of the Graduate School of Bioagricultural Sciences, Nagoya University.
Body weights of 95 B6.Cg-Pbwg12 and 94 C57BL/6J mice were measured weekly from 1 to 10 weeks of age. Three body weight gains (1-3, 3-6, and 6-10 weeks) were calculated. Mice were sacrificed under ether anesthesia at 10 weeks of age. As described previously [6] , total body length and tail length were measured and head-body length and body mass index (g/cm 2 ) were calculated. Six internal organs (heart, lung, spleen, liver, and both kidneys and testes) were weighed. Furthermore, weights of inguinal, mesenteric, retroperitoneal, and gonadal white fat pads were recorded and total fat pad weight and lean body weight were calculated. Genomic dNA was extracted from ear clips by standard methods. Genotyping of microsatellite markers was performed as described previously [6] . Phenotypic trait data for B6.Cg-Pbwg12 and C57BL/6J mice were analyzed using a linear model of the statistical discovery software JMP version 7.02 (SAS Institute, Cary, NC). The effects of strain, three covariates (sex, parity, and litter size) and their possible two-way interactions were included as fixed effects in the model. Litter, a combined effect of dam and cage, was also included as a random effect. The covariates and interactions that had significant effects at the nominal 5% level were included in the final model. Least-squared means for each trait were compared between B6.Cg-Pbwg12 and C57BL/6J strains by the F test of the linear model. To avoid the reporting of false positive results caused by multiple testing, the 0.05 Bonferroni threshold of significance was applied to the P values obtained.
To develop the B6.Cg-Pbwg12 congenic strain, we used the direct descendants of the N 2 backcross mice employed for original genome-wide QTL analyses [5, 7, 8] as donor animals because we did not maintain any strains derived from wild M. m. castaneus mice captured live in the Philippines. To save the castaneus allele at Pbwg12 on chromosome 12, a few pairs of mice with high body weight at 10 weeks of age were selected from the original N 2 population and they were mated with each other. This selection was repeatedly performed to the N 2 F 7 generation. Males at this generation were mated with females of the C57BL/6J strain purchased from CLEA Japan (Tokyo, Japan). At the N 2 F 7 N 6 generation of recurrent backcrossing to C57BL/6J, females were mated with C57BL/6J males to replace the Y chromosome of the wild castaneus mouse with that of C57BL/6J. After recurrent backcrossing 11 times, mice at the N 2 F 7 N 12 generation were mated inter se to fix the introgressed region.
during recurrent backcrossing, the introgressed region harboring Pbwg12 was monitored by genotyping five microsatellite markers on chromosome 12, D12Mit54, D12Mit91, D12Mit4, D12Mit157, and D12Mit51. Finally, genotyping of 22 microsatellite markers revealed that the B6.Cg-Pbwg12 congenic strain has a minimum introgressed region of 58.9 Mb (33.0 cM) between D12Mit237 and D12Mit280. The left border of the introgressed region, where recombination occurred, was located between D12Mit2 and D12Mit237 and the right border was between D12Mit280 and D12Mit196 ( Table  1) . Genotyping of 90 microsatellite markers on the remaining 18 autosomes and the X chromosome proved that the genetic background of the B6.Cg-Pbwg12 congenic strain had been replaced with that of C57BL/6J.
No clear differences were observed between B6.CgPbwg12 congenic and C57BL/6J strains in body weights from 1 to 10 weeks of age at P>0.05 (Table 2 ). There were also no significant differences between the two strains in body weight gains at 1-3 and 3-6 weeks of age. These results confirm that Pbwg12 does not have any main effects on body weight at 1-10 weeks of age or on body weight gains at 1-3 and 3-6 weeks of age, as expected from the results of previous genome-wide QTL studies [5, 7, 8] . However, B6.Cg-Pbwg12 exhibited significantly greater body weight gain at 6-10 weeks of age than did the C57BL/6J strain ( Table 2 ). The P value exceeded the Bonferroni-corrected 0.05 signifi- Since sex-by-strain interactions were not significant for all traits at the 0.05 Bonferroni threshold level, sex-combined data were compared between the two strains. The P value in bold reached the Bonferroni threshold level.
cance level that was calculated as 0.05/14=0.0036. This result clearly shows that Pbwg12 has a main effect on body weight gain at 6-10 weeks of age. This does not contradict previous results of the original genome-wide studies [5, 7, 8] because in the original genome-wide studies, an N 2 backcross population obtained from a cross between (C57BL/6J females × wild castaneus males) F 1 females and wild castaneus males was used [5, 7, 8] . In that backcross, two QTL genotypes, Cas/ Cas and Cas/B6, were segregated, Cas being the allele derived from wild castaneus and B6 being that derived from C57BL/6J. If Cas were dominant over B6, no significant difference in body weight gain at 6-10 weeks of age would be expected between Cas/Cas and Cas/B6 genotypes, leading to failure in identification of Pbwg12 in the original backcross. However, a comparison between Cas/Cas and B6/B6 genotypes in the present congenic study resulted in identification of Pbwg12 with a main effect on weight gain. It remains possible, though, that the observed main effect is caused by another locus in the introgressed region.
Although the castaneus mouse has approximately 60% of the body size of C57BL/6J [7] , the Cas allele at Pbwg12 increased body weight gain at 6-10 weeks of age. Our previous congenic analysis using B6.Cg-Pbwg1 [6] and another QTL study using the CAST/Ei inbred strain originating from wild M. m. castaneus trapped in Thailand [11] reported that the Cas allele increases body weight and weight gain at early ages. Thus, this may be the first study using castaneus mice that has revealed a QTL with an increasing effect on growth at later ages. As lean body weight was not significant between B6.Cg-Pbwg12 congenic and C57BL/6J strains (Table  2) , we did not compare the differences in body lengths and organ weights adjusted for lean body weight between the two strains to remove or minimize an overall body size effect. Except for retroperitoneal fat pad, spleen, and kidney weights, no significant differences between the two strains were observed in the remaining 12 body composition traits at the Bonferroni-corrected 0.05 significance level (0.05/15=0.0033) ( Table 3) .
Since retroperitoneal fat pad, spleen, and kidney weights showed significant interactions between sex and strain, they were statistically analyzed by sex (Table 3) . a) The mean weights of retroperitoneal fat pad, spleen, and paired kidneys that showed significant sex-by-strain interactions were compared in each sex separately and the remaining traits were compared using sex-combined data.
The strain differences in retroperitoneal fat pad and spleen weights were not significant in either sex. However, the kidney weight of B6.Cg-Pbwg12 males was significantly lower than those of C57BL/6J males. The same tendency was observed in females although the strain difference was not significant. This phenotypic effect was opposite in sign to that of Pbwg12 affecting weight gain at 6-10 weeks of age, indicating a new QTL with a male-specific effect on kidney weight located within the congenic region of chromosome 12.
Body weight is a composite of weights of internal organs, skeletal muscles, bones, and so on. Although no significant difference in body weight at 10 weeks of age was observed between the B6.Cg-Pbwg12 and C57BL/6J strains, multiple regression analysis using a linear model of JMP indicated that the 10-week body weight was significantly correlated with body weight gain at 6-10 weeks of age (P=5.1 × 10 -7 ) and kidney weight at 10 weeks of age (P=3.3 × 10 -11 ), with an adjusted R 2 value of 0.91. The parameter estimates of the weight gain and kidney weight were both positive in sign. The same tendency was observed in the results of analysis by sex (data not shown). Thus, canceling out the opposite effects of the weight gain and kidney weight QTLs may lead to no significant difference in overall body weight between the two strains. Using the Mouse Genome database (http://www.informatics.jax.org/), we performed a search for QTLs affecting body weight and kidney weight within a maximum introgressed region of 70.8 Mb (38.9 cM) between D12Mit2 and D12Mit196, a region which includes both sides of gray zones where recombinations occur. Only three QTLs, Betn4 (synonym WTN12.1) for adult body weight [9] , Bglq9 for late body growth [10] , and Org8 (synonym ORG12.1) for kidney weight [9] , were found. These loci are all identified in the same F 2 intercrosses of LG/J and SM/J strains. We also searched for potential candidate genes for the weight gain and kidney weight QTLs within the maximum introgressed region using the database Positional Medline (http://omicspace.riken.jp/ PosMed). However, no candidate genes for the QTLs were found.
In conclusion, the role of epistatic interactions in the genetic architecture of quantitative trait variation is poorly understood [1] . The B6.Cg-Pbwg12 congenic strain developed in this study will be a good animal resource for understanding the molecular and genetic mechanisms of epistasis, especially an epistatic interaction between QTLs with and without main effects. We are now planning to investigate phenotypic effects of all nine possible genotypic combinations in approximately 1,000 F 2 mice from an intercross between the B6.CgPbwg12 congenic strain for chromosome 12 and the B6.Cg-Pbwg1 congenic strain previously developed for chromosome 2 [6] .
